Introduction
The rapidly growing population and industrialization are exerting tremendous pressure on the construction industry to build necessary infrastructure in Saudi Arabia. The newly developed infrastructure is mostly concentrated along the coastal areas, mainly on weak soils. These soils need to be stabilized utilizing chemical and/or mechanical methods. Portland cement and lime are commonly utilized materials for chemical stabilization. Some other materials, such as fly ash, are also utilized for this purpose.
Sabkha is an Arabic word meaning salt flat and is applicable to both coastal and interior salt flats. There are two types of sabkha soils, i.e. sandy sabkha soil and muddy sabkha soil. Sandy sabkha soil is very loose to medium dense soil and may sometimes be partially cemented by salts. Muddy sabkha soil is a kind of lagoon sediment mainly consisting of sandy carbonate mud. According to their locations, sabkha soils are mainly found in coastal and inland (continental) areas (Juillie and Sherwood, 1983) .
Sabkha soils are commonly observed in Saudi Arabia, both in coastal and inland regions. The coastal sabkha soils extend along both the Arabian Gulf and the Red Sea shores, while the inland ones are mainly found in creeks scattered in the northeastern and eastern parts of the Arabian Peninsula, as shown in Fig. 1 . Sabkha soils in the coastal plains of the Eastern Province are well documented (Johnson et al., 1978; Al-Amoudi et al., 1992) , while the Red Sea coastal ones exist at Obhor, Al-Lith, Yanbu and Jazan. In the north, continental sabkha soils are reported to exist in Wadi AsSirhan (Sabkhat Hadhoud) and in many other creeks in the region that usually run parallel to either the Red Sea or the Gulf of Aqaba. Coastal sabkha soils in Saudi Arabia are quite extensive and pose challenging issues to the construction activities along its shorelines. Fig. 1 shows the distribution of sabkha soils in the Arabian Peninsula and the generalized cross-section across coastal sabkha soils with typical surface feature.
Both coastal and inland sabkha soils are usually formed in hot, semi-arid to arid climates and are associated with shallow groundwater table. When the sabkha soil is dry, the surface of a sabkha flat is usually hard enough to support a medium-weight vehicle, but becomes too weak when the sabkha is wet and any vehicle may sink in it (Renfro, 1994) . The sabkha soil has compounded construction problems when it becomes wet, such as large concentration of salts, increasing compressibility, very low shear strength and other associated problems. Some sabkha soils have gravel mixtures within their matrices. The presence of these gravelly sediments is more common in the continental sabkha soils rather than in the coastal ones (Ghazali et al., 1985) . Furthermore, the natural moisture content of sabkha deposits ranges from 8% to 65% (Abu-Taleb and Egeli, 1981) .
The industrialization has also resulted in the production of significant quantities of industrial by-products. Considerable resources are utilized to dispose of the waste materials to meet the environmental restrictions. Consequently, there is a need to assess the alternative possibility of utilizing the waste materials in the stabilization of sabkha soils. Such possibilities will satisfy the economic and environmental requirements. Although some work has been conducted to evaluate the possibility of utilizing cement and lime for stabilizing weak soils over the world, researches are needed to understand the possibility of utilizing the industrial byproduct for soil stabilization. Besides, there is a strong desire to reduce the consumption of cement through effective utilization of industrial waste materials in order to decrease greenhouse effect and environmental problems.
The above review shows that sabkha soils are highly variable materials with inferior "natural" strength capacity, thereby leading to several constructional problems when used. The major factor contributing to these problems is the low bearing capacity of the sabkha soils. Moreover, sabkha soils are very sensitive to moisture. Complete collapse and reduction in bearing capacity are anticipated when they are in contact with water (Al-Amoudi, 1995a; Xiao et al., 2015) . Such behavior shows that the cementing materials bonding the mineral grains of sabkha soils together are relatively soluble in water, such as halite, gypsum, aragonite or calcite, thus making the sabkha soils susceptible to collapse upon exposure to moisture.
Characterization of materials
The selected soil and industrial by-product, cement kiln dust (CKD), are tested to determine their mineralogical and physical properties.
Sabkha soil
The concentrated nature of sabkha brine is reflected by total dissolved solids (TDS) of as much as four to six times those presented in typical seawater from the same region, as listed in Table 1 .
Collection of soil samples
The eastern Saudi soils, namely sabkha soil samples, are collected as representative sabkha soils from Ras Al-Ghar site. Fig. 1 shows the location of sampling point. The industrial by-product (CKD) is procured from the Saudi Arabian Cement Company, Jeddah.
Firstly, the soil samples and industrial by-product (CKD) are collected. Next, the chemical composition and physical properties of the soils and CKD are experimentally determined. Besides, Atterberg limits and sieve analyses of the soils are also determined. Thirdly, the maximum dry density and optimum moisture content of the suggested mixtures are obtained. Fourthly, the unconfined compressive strength (UCS) of the proposed mixtures is tested. Fifthly, the soaked California bearing ratio (CBR) of the mixtures that satisfy the strength requirement is determined. Sixthly, the mixtures that satisfy the strength and CBR requirements are subjected to durability tests. The six tasks will be discussed in detail in the following sub-sections.
Mineralogical analyses
Knowledge of mineralogical composition of a material helps to predict its behavior and reaction under different environmental conditions. The mineralogical analyses of the soil and CKD are performed.
The soil samples are initially air-dried, sieved using #10 sieve and completely mixed for homogenization. They are then pulverized and sieved using #200 sieve. Thereafter, the pulverized soil samples are oven-dried at 70 C for 72 h (Conklin, 2005; Brady and Weil, 2010) . Finally, about 10 g of each soil sample is utilized for mineralogical analyses. The mineralogical composition of the soil and CKD is determined by X-ray diffraction (XRD) method. The Xray diffractometer used in this study is Rigaku Ultima IV. The generator settings are 40 kV and 40 mA at an angle between 6 and 90 (2q).
Furthermore, samples that satisfy the strength and durability requirements are prepared and utilized for mineralogical analyses in order to determine the chemical products that might be behind the improvement developed by the stabilization using various types of industrial by-products. Fig. 2 shows the X-ray diffractogram for sabkha soil sampled from Ras Al-Ghar. Peaks for quartz (75%), gypsum (12%) and halite (10%) are noted in addition to traces of other minerals. The high percentage of quartz is responsible for the non-plastic and finegrained nature of this type of sabkha soil (Al-Amoudi et al., 1992) .
Specific gravity
The specific gravity is needed for the calculation of void ratio, unit weight of soil, and soil particle size analysis. Since the sabkha soil sample is sieved through #4 sieve and the particle sizes of the proposed stabilizers are smaller than 4.75 mm, the specific gravity is determined in accordance with ASTM D854-14 (2014) . The test is conducted on two representative "disturbed" dried samples from each material and the average is taken as the specific gravity value. Moreover, the sabkha soil is oven-dried to 70 C until a constant weight is observed, as recommended by Al-Amoudi (1995b) .
The specific gravity of the sabkha soil is 2.71, which is lower than the value of 2.73 reported by Al-Amoudi (1994) , and it falls into the range of 2.51e2.82, as reported by Amin (2004) .
Atterberg limits
The liquid and plastic limits of each soil are conducted on the material passing #40 sieve using distilled water in general accordance with ASTM D423-66 (1972) and ASTM D424 (1954), respectively. The moisture content at 25 blows is measured as the liquid limit while the moisture content required to roll the soil to a thread of 1/8 inch (3.175 mm) is the plastic limit.
Grain size distribution
Grain size distribution of the sabkha soil is carried out in accordance with ASTM D422-63 (1998) . This test is a basic requirement in any soil investigation. It is also essential in almost all soil classification systems. Both dry and wet sieving techniques are used.
In the wet sieving method, a representative dry soil sample is taken and washed through a set of sieves, including #10, #20, #40, #60, #80, #100, #140 and #200 sieves until the water passing through each sieve is clear. For the sabkha soil, the soil is ovendried at 70 C until a constant weight is observed, as recommended by Al-Amoudi (1995b) . Then, the soil portion retained on each sieve as well as that passing through #200 sieve is dried and then weighed. The difference in weights of the sieves þ dry soils and the empty sieves is used to determine the material percentage passing each sieve.
The grain size distribution curves for the sabkha soil are depicted in Fig. 3 . It can be seen that there is a large variation between grain size distribution curves determined by the dry and wet sieving methods. The materials passing #200 sieve are 10.2% and 32.7% using dry and wet sieving methods, respectively. The difference in the grain size distribution curves may be ascribed to the fact that the sabkha soil is made up of quartz and soluble minerals, which are significantly affected by washing. Water tends to dissolve the bonds and salts between particles of the soil; thus, the material passing by wet sieving is much more than that by dry sieving (Al-Amoudi, 1994) .
Since the material passing #200 sieve is less than 50%, the soil studied can be classified as SM or SC according to the unified soil classification system (USCS). Since the collected sabkha soil is nonplastic with plasticity index (PI) < 4, it can be classified as SM according to the USCS and A-3 according to the American Association of State Highway and Transportation Officials (AASHTO) system for dry sieving.
The material passing #200 sieve by wet sieving is 32%, greater than 12%. Therefore, the wet sabkha soil can be classified as SM or SC. However, since the collected sabkha soil is non-plastic with PI < 4, the wet sabkha is classified as SM according to the USCS and A-3 according to the AASHTO system. In summary, the sabkha soil in this study can be classified as A-3 according to AASHTO system since none of those soils could be rolled to a thread of 1/8 inch (3.175 mm).
Furthermore, as long as the percentage passing #200 sieve is less than 5% for wet and dry sand samples, there is no need for running hydrometer analysis (Fig. 3) .
Similarly, the percentage passing #200 sieve is less than 50% and greater than 12% for the sabkha soil. In addition, the sabkha soil is proven to be non-plastic; hence, there is no need to carry out hydrometer analyses for this material as well.
Cement
As a reference, ordinary Portland cement (OPC) conforming to ASTM C150/C150M-16 (2016) type I with a specific gravity of 3.15 is used in this study. During the compaction process, the cement is adopted to fill the void space between soil particles. After that, when water is added, the cement reacts with water and becomes hard, then the unit weight of soil increases. Because of the Table 1 Chemical analysis of sabkha brine and seawater (Al-Amoudi, 1995a hardening of cement, the shear strength and bearing capacity of soil increase. After stabilization, the permeability of soil decreases.
Cement kiln dust (CKD)
When chemical stabilization is used, the selected stabilizer should be environment-friendly, easy to be used, available locally and economical. CKD is generated during the manufacturing of cement clinker. As the raw feed travels through the Portland cement kiln system, particulates of the raw materials, partially processed feed, and components of the final product are entrained in the combustion gases flowing counter current to the feed. These particulates and combustion gas precipitates are collected in the particulate matter control device. The collected materials are referred to as CKD.
Generation of CKD is estimated to be about 30 million tons/year (Dyer et al., 1999) . Large quantities of CKD are produced during the manufacture of cement by the dry process. Although modern dustcollecting equipment is designed to capture virtually all CKD and much of this material can today be returned to the kiln, for various reasons, a significant portion, in some cases as much as 30%e50% of the captured dust, must be removed as industrial waste (Kessler, 1995; USEPA, 1998) . In the United States, more than 4 million tons of CKD, unsuitable for recycling in the cement manufacturing process, require disposal annually (Todres et al., 1992) . CKD contains a mixture of raw feed as well as calcite materials with some volatile salts. It is derived from the same raw materials as Portland cement but, as the CKD fraction has not been fully burnt, it differs chemically from the former. The chemical composition may, however, vary with the cement manufacturing process and type of the raw materials.
Due to its chemical composition, CKD has a potential to be used for stabilization of sabkha soil. Typical analyses for OPC and CKD are given in Table 2 . The chemical composition of the CKD used is summarized in Table 3 .
It is noticed from Table 3 that the used CKD contains 49.3% CaO, 17.1% SiO 2 , 2.18% K 2 O, 1.14% MgO and 3.56% SO 3 . Moreover, the loss on ignition (LOI) of the CKD is 15.8%, which is very high compared with the ranges of the LOI value of the CKD, as shown in Table 2 . A high LOI in the CKD implies that it contains a high amount of CaCO 3 . When CKD is exposed to moisture, alkali sulfates quickly dissolve. Free lime and some cementitious parts, if present, experience hydration. As a result, the availability of calcium ions is dictated by the equilibrium achieved through the solubility limit of Ca(OH) 2 and gypsum (CaSO 4 ,2H 2 O) if present (Peethamparan et al., 2008) . Therefore, the high LOI in the current CKD probably indicates that it is exposed to moisture. It is well known that the lower the LOI is, the better the performance of CKD will be (Miller et al., 2003) . Furthermore, the current CKD contains 5.27% alkalis, which is about 4 times that in the Portland cement, as shown in Table 2 . The data in Table 3 also show that the used CKD contains 6.9% chloride, which is higher than that in typical CKD.
Determination of moisture content-density relationship
The optimum moisture content, corresponding to the maximum dry density, is determined by utilizing modified Proctor compaction test according to ASTM D1557-12 (2012) . The tests are performed on sabkha soil with 2% cement and varying quantity (10%e30%) of CKD (by weight of the dry soil). The sabkha soil, CKD and 2% cement are firstly mixed in a dry state for around 1 min. Then the optimum moisture content is expected and mixing continues for another 3 min to obtain a homogenized mixture (Table 4) .
Sabkha soil stabilized with cement
To study the effect of the cement content on the maximum dry density-moisture content relationship, the modified Proctor compaction tests are carried out on sabkha soil stabilized with and without cement. The cement contents utilized are 2%, 5% and 7% (Table 4 ). The results of the dry density and moisture content for sabkha soil stabilized with and without cement are depicted in Fig. 4 .
A consistent increase in the maximum dry density is noted, as shown in Fig. 4 , with the increase in cement content of sabkha soil. A similar trend was reported by Al-Amoudi (1994) . The maximum dry density of the plain sabkha soil (0% additive) is 1.95 g/cm 3 , and they are 1.96 g/cm 3 , 1.98 g/cm 3 and 1.99 g/cm 3 for sabkha soil stabilized with 2%, 5% and 7% cement, respectively. The increase in the maximum dry density may be ascribed to the higher specific gravity of cement (3.15) as compared to that of sabkha soil (2.71) ( Table 5) . Fig. 4 also indicates that the optimum moisture content decreases marginally with the increase in cement content. The optimum moisture content of the plain sabkha soil is 10.8%, while they are 10.4%, 10% and 9.7% for sabkha soil stabilized with 2%, 5% and 7% cement, respectively. The decrease in optimum moisture content indicates that the cement acts as a lubricant in addition to its role of filler.
In summary, Table 5 indicates that when the cement content increases in the sabkha soil, the maximum dry density increases, which is probably due to the higher specific gravity of the cement compared with that of the soil. Furthermore, the cement works as a filler. Therefore, the increase in cement content in the sabkha soil causes variation in optimum moisture content due to different gradations of the sabkha soil.
Sabkha soil stabilized with CKD
Modified Proctor compaction tests are conducted on plain sabkha soil as well as on sabkha soil stabilized with 10%, 20% and 30% CKD. The plain sabkha soil is used as a reference. The results, presented as a plot of moisture content versus dry density, are reported in Fig. 5 . Fig. 5 reveals that the addition of CKD to sabkha soil decreases its maximum dry density. This trend is similar to that reported by Shabel (2006) . The maximum dry density of plain sabkha soil is 1.95 g/cm 3 , while those with 10%, 20% and 30% CKD are 1.93 g/cm 3 , 1.89 g/cm 3 and 1.88 g/cm 3 , respectively. It was expected that the CKD addition would increase the maximum dry density of the sabkha soil since the specific gravity of CKD (2.79) is larger than that of the sabkha soil (2.71). However, the decrease in the maximum dry density with addition of CKD is probably due to the Table 2 Typical chemical composition of CKD and cement (Aidan and Trevor, 1995 fact that CKD, as a very fine material, dislocates the granular structure of the sabkha soil causing the particles of the sabkha soil to float in the CKD and thus reducing the maximum dry density. Such a phenomenon was also reported earlier (Ahmed, 1995; Abdullah, 2009; Al-Homidy, 2013) . Furthermore, Fig. 5 shows that as the CKD content in the sabkha soil increases, the optimum moisture content also increases. The optimum moisture contents are 10.8%, 11.2%, 12.5% and 12.8% for the sabkha soil stabilized with 0, 10%, 20% and 30% CKD, respectively. The increase in optimum moisture content may be attributed to the fact that the CKD is a very fine material, thus the demand for moisture content increases.
3.3. Sabkha soil stabilized with 2% cement þ CKD Modified compaction tests are conducted on sabkha soil mixed with 2% cement and 0, 10%, 20% and 30% CKD. Sabkha soil stabilized with 2% cement is used as a reference to compare the effect of CKD on the compaction characteristics. The results are presented in Fig. 6 . Fig. 6 indicates that the maximum dry density decreases with the increase in quantity of CKD. The maximum dry densities of sabkha soil þ 2% cement mixture with 0, 10%, 20% and 30% CKD are 1.96 g/cm 3 , 1.93 g/cm 3 , 1.84 g/cm 3 and 1.85 g/cm 3 , respectively. A similar trend was reported by Shabel (2006) . The decrease in the maximum dry density is probably due to the formation of macropores which tend to reduce the density. Further increase in the CKD content disrupts the granular structure of the sabkha soil, causing the particles to float in the CKD and thus reducing the maximum dry density (Ahmed, 1995; Al-Homidy, 2013; Xiao et al., 2014a, b) , dilatancy (Xiao et al., 2015; Xiao and Desai, 2016) , and particle breakage . Another point to be noted from Fig. 6 is that the addition of CKD causes a marginal variation in the optimum moisture content. Table 5 summarizes the optimum moisture content and the corresponding maximum dry density for the sabkha soil stabilized with the proposed dosages of CKD. 
Samples preparation

Samples preparation for unconfined compression test
The UCS is determined according to the procedures outlined in ASTM D2166/D2166M-16 (2016). The soil and 2% cement are mixed with 10%, 20%, or 30% CKD (by weight of the dry soil) and samples are compacted at the optimum moisture content. The required soil and additive are mixed first and then the corresponding optimum moisture content (mentioned in the compaction test results) is added and mixed thoroughly in the mechanical mixer for 3 min. Thereafter, the mixture is compacted in a split mold of 100 mm in diameter and 200 mm in height (H/D ¼ 2) in three layers and the number of blows of the auto-compactor is adjusted to 69 blows/ layer in order to achieve the maximum dry density according to the modified Proctor compaction (compaction energy: 2710.5 kJ/m 3 ).
The samples are trimmed immediately after compaction, extruded and immediately wrapped with three layers of plastic sheets to minimize loss of moisture. The wrapped samples are cured for 7 d under laboratory conditions of (22 AE 3) C till the time of assessing the UCS.
Samples preparation for soaked California bearing ratio (CBR) test
The soaked CBR test is performed according to ASTM D1883-16 (2016) on untreated and treated samples. The samples are prepared at the optimum moisture content, and wrapped with three layers of plastic sheets immediately after extrusion from the mold. The sealed samples are kept for curing under laboratory conditions of (22 AE 3) C for 7 d and submerged for 96 h in water, to simulate the field conditions (i.e. fluctuation of water table, flooding by rain, septic tanks, etc.), and then tested for CBR.
Samples preparation for durability test
The durability test of the treated and untreated sabkha soil samples is evaluated as per the procedure described in ASTM D559/ D559M-15 (2015). The samples are compacted at the optimum moisture content and sealed immediately after extrusion from the mold. They are cured for 7 d under laboratory conditions. The 7-d curing period is considered as optimum curing period for stabilizing the soil. After curing, the samples are exposed to 12 alternate wet and dry cycles. The loss in weight of the samples due to wet and dry exposure is evaluated as a durability measure.
Results and discussion
Unconfined compression tests
UCS of sabkha soil stabilized with cement
The unconfined compression tests are carried out on plain sabkha soil and on sabkha soil treated with 2%e7% cement. The results of the UCS versus cement content are plotted in Fig. 7 . The data show that the UCS increases exponentially with the increase in cement content. The UCS values of sabkha soil stabilized with 0, 2%, 5% and 7% cement are 150 kPa, 348 kPa, 898 kPa and 1485 kPa, respectively.
The correlation between UCS and cement content of sabkha soil can be expressed by
where X cement is the cement content (%), and R 2 is the correlation coefficient.
It may be noted that the sabkha soil stabilized with 7% cement satisfies the minimum strength requirement of 1380 kPa, specified by ACI Committee (2011) for sub-base course in rigid pavements. Al-Amoudi (1994) reported that the addition of 2.5%, 5%, 7.5% and 10% cement improved the UCS of Ras Al-Ghar sabkha soil from 70 kPa to 271 kPa, 736 kPa, 1180 kPa and 1391 kPa, respectively. He recommended 10% cement for the Ras Al-Ghar sabkha soil to be 
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Cement content (%) Fig. 7 . Effect of cement content on UCS of sabkha soil (7-d sealed curing).
used for sub-base course in rigid pavements. The high amount of cement recommended and the low UCS were probably due to the low compaction energy (i.e. standard Proctor compaction) in casting of the samples in addition to the low rate of deformation in testing (i.e. 0.5 mm/min). Similarly, Mohamedzein and Al-Rawas (2011) reported that 7.5% cement was a suitable stabilizer for the Omani sabkha soil. That was probably due to the low compaction energy used (i.e. standard Proctor compaction) in casting of the tested samples. The low strength of sabkha soil stabilized with cement may be attributed to the presence of high amount of halite and gypsum in the sabkha soil, as revealed by the chemical composition shown in Fig. 2 . In the presence of water, calcium from cement reacts with chloride from sabkha soil to form calcium chloride which might have reduced the strength (Reddy et al., 2012) . Furthermore, the presence of gypsum in the sabkha soil, which leads to the formation of ettringite, might have contributed to the lower quality of CeSeH gel, thus leading to reduction in strength.
Figs. 8À13 show the backscattered electron images (BEIs), scanning electron microscope (SEM) images and energy dispersive X-ray analysis (EDX) images of sabkha soil stabilized with 2% and 7% cement. The BEI of sabkha soil stabilized with 2% cement (Fig. 8 ) reveals a randomly oriented system consisting of partly-clothed sand and/or silt interaction. Face-to-face particle interactions as well as connectors are apparent. Voids of different sizes are also visible. The BEI of sabkha soil stabilized with 7% cement (Fig. 9) shows reduction in the voids. However, a few voids are still visible. The denseness in the latter mixture probably tends to increase its UCS compared to sabkha soil stabilized with 2% cement.
The SEM image of sabkha soil stabilized with 2% cement (Fig. 10 ) shows a platy morphology with isolated crystalline structure of gypsum. The EDX image (Fig. 11) shows the presence of Na, Mg, Si, Cl, Ca and Fe with weight proportion of 0.71%, 7.36%, 22.12%, 1.26%, 9.42% and 1.15%, respectively. It is noticed that there is a significant quantity of chloride, which is mostly contributed by halite in the sabkha soil. Ca, Si and Fe are contributed by cement.
The SEM image of sabkha soil stabilized with 7% cement (Fig. 12 ) also shows a platy structure due to the fact that the hydration of cement as reflected by the fibrous needles (CeSeH) is noted at several locations. The EDX image of sabkha soil stabilized with 7% cement (Fig. 13) indicates the presence of Na, Mg, Si, Cl, Ca and Fe with weight proportion of 1.26%, 9.55%, 15.96%, 1.64%, 15.1% and 2.01%, respectively. The presence of Ca and Si indicates the CeSeH gel, formed due to the addition of cement.
UCS of sabkha soil stabilized with CKD
The unconfined compression tests are carried out on plain sabkha soil and on sabkha soil treated with 10%e30% CKD. The results of the UCS vs. CKD content are plotted in Fig. 14 . The data indicate that the UCS of the sabkha soil increases with the increase in quantity of CKD. The UCS values are 150 kPa, 262 kPa, 676 kPa and 974 kPa for sabkha soil stabilized with 0, 10%, 20% and 30% CKD, respectively.
Fig. 14 shows that there is an exponential relationship between the quantity of CKD and UCS which can be expressed by
where X CKD is the CKD content (%). Fig. 8 . BEI of sabkha soil stabilized with 2% cement (Â400) (7-d sealed curing). Fig. 9 . BEI of sabkha soil stabilized with 7% cement (Â400) (7-d sealed curing). Fig. 10 . SEM image of sabkha soil stabilized with 2% cement (Â400) (7-d sealed curing). Fig. 11 . EDX image of sabkha soil stabilized with 2% cement (7-d sealed curing). Rahman et al. (2011) reported that for 14-d sealed curing, the UCS of sabkha soil was increased from 214 kPa to 2752 kPa corresponding to 0 and 50% CKD contents, respectively, which may result from the long period of curing of 14-d and the larger content of CKD.
From Fig. 14 , it is evident that none of the CKD contents (10%, 20% and 30%) improves the UCS of sabkha soil to meet the minimum strength requirement (1380 kPa) specified by ACI Committee (2011) for sub-base course in pavements from strength point of view. That is probably due to the presence of halite in sabkha soil in addition to the high LOI and alkalis of the CKD, as shown in Table 3 .
The high LOI reduces the performance of the CKD while the high alkalis weaken the strength developed by the CKD (Chusilp et al., 2009) . Moreover, in the presence of water, magnesium from the CKD reacts with chloride from sabkha soil and the CKD to form magnesium chloride, which attacks and weakens the cementing product produced by the CKD, CeSeH, whereby magnesium replaces calcium to produce non-cementitious product, MgeSeH (Mussato et al., 2004) . Furthermore, the presence of gypsum in sabkha soil has reduced the quality and strength of the CeSeH gel. Though the presence of gypsum increases the amount of CeSeH gel, the quality of the gel is weak. This increase in amount of CeSeH gel is caused by partial substitution of silica by sulfate in the CeSeH gel as reported by Ali (2004) .
UCS of sabkha soil stabilized with 2% cement þ CKD
The unconfined compression tests are carried out on the sabkha soil treated with 2% cement þ 0, 10%, 20% and 30% CKD. The results of UCS are shown in Fig. 15 . Fig. 15 indicates that the UCS increases with the increase in quantity of CKD. The UCS values of sabkha soil treated with 2% cement þ 0, 10%, 20% and 30% CKD are 348 kPa, 530 kPa, 892 kPa and 1519 kPa, respectively.
The relationship between UCS and CKD content in sabkha soil treated with 2% cement in Fig. 15 can be expressed by
It can also be observed from Fig. 15 that the UCS of the sabkha soil treated with 2% cement þ 30% CKD exceeds the minimum strength requirement (1380 kPa) specified by ACI Committee (2011) for sub-base course material in rigid pavements. Shabel (2006) reported that the UCS values of Jazan sabkha soil treated with 2% cement þ 10%, 15% or 20% CKD were 235 kPa, 722 kPa, 1190 kPa and 2002 kPa, respectively. The low LOI in CKD Fig. 12 . SEM image of sabkha soil stabilized with 7% cement (Â400) (7-d sealed curing). (8.35%), free chloride and the low salinity of Jazan sabkha soil (compared to high salinity of the sabkha soil in this study) may have contributed to the high strength of Jazan sabkha soil as compared with the sabkha soil in this study. As mentioned before, the cementing performance of the CKD with sabkha soil is not as high as that with sabkha soil þ cement. Moreover, in the presence of water, magnesium in CKD reacts with chloride, presented in CKD and sabkha soil, to form magnesium chloride, which attacks and weakens the cementing product produced by the CKD, CeSeH. Magnesium replaces calcium to produce non-cementitious product, MgeSeH (Mussato et al., 2004) . Furthermore, the presence of gypsum has reduced the quality and strength of the CeSeH gel. However, the presence of gypsum causes an increase in the amount of CeSeH gel. This increase in amount of CeSeH gel is caused by partial substitution of silica by sulfate in the CeSeH gel as it was reported by Ali (2004) . Therefore, the sabkha soil stabilized with 30% CKD þ 2% cement is suitable for sub-base course in rigid pavement from strength point of view.
Figs. 16e18 show the BEI, SEM and EDX images of sabkha soil treated with 2% cement and sabkha soil treated with 30% CKD þ 2% cement, respectively. The BEI of sabkha soil stabilized with 2% cement þ 30% CKD (Fig. 16) shows dense soil matrix and no voids are visible. The microstructure is denser than that of sabkha soil treated with 2% cement alone (Fig. 8) .
The SEM image of sabkha soil stabilized with 2% cement þ 30% CKD (Fig. 17) shows a high concentration of the white fibrous clothlike formations, CeSeH, cementing gel, coating the sand and/or silt particles and improving the UCS of the stabilized sabkha soil. Individual sand and/or silt grains are embedded within the system. Face-to-face particle interactions as well as connectors are apparent. The EDX image (Fig. 18) indicates that the stabilized soil matrix consists of Na, Mg, Si, Cl, K, Ca and Fe with weight proportion of 0.87%, 4.33%, 17.94%, 1.38%, 0.61%, 19% and 1.47%, respectively. The presence of chloride in the sabkha soil and the CKD in addition to the high LOI and alkalis in the CKD might have hindered the CKD from achieving higher UCS than 1520 kPa (Table 6 ).
Soaked CBR tests
Soaked CBR test for stabilized sabkha soil
Samples of the sabkha soil subjected to soaked CBR tests are prepared with the dosages of selected stabilizers that satisfy the minimum strength requirements of ACI Committee (2011). Furthermore, the samples of plain sabkha soil and sabkha soil treated with 2%, 5% and 7% cement are also tested according to ASTM D1883-16 (2016) . The samples are sealed and cured for 7 d at laboratory condition of (22 AE 3) C. Then, they are soaked in tap water for 96 h before testing. The effect of each stabilizer on the soaked CBR of sabkha soil is discussed in the following subsections.
Sabkha soil stabilized with cement
In order to study the correlation between cement addition and soaked CBR of sabkha soil, the soaked CBR tests are carried out on sabkha soil-cement mixtures and on plain sabkha soil. The plain sabkha soil is taken as a reference. The results are presented in Fig. 19 . Fig. 19 indicates that as the cement content in sabkha soil increases, the soaked CBR increases. The addition of 2%, 5% and 7% cement improves the soaked CBR from 11% to 52%, 137% and 248%, respectively. A linear relationship is noted between the soaked CBR and cement content in sabkha soil and can be expressed by
Furthermore, all of the cement contents in this study improve the soaked CBR of the sabkha soil to be excellent for base-course in pavements. Shabel (2006) conducted immediate (without curing) CBR tests on the stabilized sabkha soil. The addition of 5%, 7.5%, 10% and 15% cement improved the CBR of sabkha soil from 51% to 56%, 37%, 30% and 28%, respectively. It can be noticed that the immediate CBR of the plain sabkha soil was 51%, but in this study, the soaked CBR of the plain sabkha is 11% which indicates that the sabkha soil is very sensitive to water. Fig. 16 . BEI of sabkha soil stabilized with 2% cement þ 30% CKD (Â4700) (7-d sealed curing). The results of the present study indicate that the sabkha soil treated with 7% cement that satisfies the minimum strength requirement (1380 kPa) specified by ACI Committee (2011) is suitable for use in rigid pavement as a sub-course from strength and CBR perspective.
Sabkha soil stabilized with 2% cement þ CKD
To study the effect of CKD content on the soaked CBR of sabkha soil þ 2% cement, the soaked CBR tests are carried out on sabkha soil treated with 10%, 20% and 30% CKD by dry weight of soil. The results are plotted in Fig. 20 . It is evident from Fig. 20 that the soaked CBR increases with the increase in quantity of CKD. The addition of 10%, 20% and 30% CKD to sabkha soil þ 2% cement improves the soaked CBR from 11% to 55%, 95% and 129%, respectively. Furthermore, the data in this figure reveal that there is an exponential relationship between soaked CBR and CKD content which can be expressed by the following relationship:
The results of soaked CBR show that addition of 20% or 30% CKD to sabkha soil þ 2% cement enables it to satisfy the requirement for treated sabkha soil to be used as base-course in pavements. The sabkha soil stabilized with 30% CKD þ 2% cement is appropriate for use as a sub-base in rigid pavements from strength and soaked CBR perspective.
It is worth mentioning that Shabel (2006) conducted immediate CBR tests on sabkha soil stabilized with CKD. The addition of 5%, 7.5%, 10% and 15% CKD improved the CBR of sabkha soil from 51% to 56%, 75%, 50% and 70%, respectively.
The correlations in Eqs. (4) and (5) can be considered reliable, as the values of the correlation coefficient (R 2 ) are 0.94 and 0.87, respectively. The developed relations are useful for estimating the required quantity of the stabilizer to enable sabkha soil to meet the minimum soaked CBR requirement. The results of the soaked CBR tests on sabkha soil are summarized in Table 7 . Table 7 indicates that the stabilization of sabkha soil treated with 2%, 5% and 7% cement increases the soaked CBR from 11% to 52%, 137% and 248%, respectively. The soaked CBR values of sabkha soil treated with 2% cement þ 10%, 20% or 30% CKD are 55%, 95% and 129%, respectively. It is obvious that the soaked CBR value of plain sabkha soil (11%) is too low to be used as a sub-base course in pavements, due to the sensitivity of sabkha soil to water, less than 20%.
Durability tests on stabilized sabkha soil
The durability tests are performed to check whether the sabkha soil stabilized with the selected stabilizers will maintain its stability during long-term exposure to harsh environments. These tests are conducted only on the mixtures that meet the strength requirement. Since the sabkha soil mixed with 30% CKD þ 2% cement and that stabilized with only 7% cement meet the strength requirement, the durability tests are performed on these two mixtures in accordance with ASTM D559/ D559M-15 (2015) . The samples are prepared using the optimum moisture content determined in the compaction tests. Two samples are prepared for each mixture. After compaction, the samples are cured in plastic bags at room temperature for 7 days. The weight loss is determined after 12 cycles of wetting/drying and brushing. The results indicate that for the sabkha soil stabilized with 7% cement, the weight loss is about 8.4% and for that treated with 30% CKD þ 2% cement, the weight loss is about 10.5%. The measured weight loss is less than the maximum allowable weight loss of 14% according to the Portland Cement Association (PCA) and of 11% according to USA Corps of Engineers (USACE) for soils classified as SP and soils having PI < 10, respectively (ACI Committee, 2011) .
Therefore, the sabkha soil stabilized with 7% cement or that treated with 30% CKD þ 2% cement can be used as a construction material for sub-base in rigid pavements from strength and durability perspective. However, the use of 30% CKD þ 2% cement will reduce the cement by 5%, which, in turn, leads to economic and environmental benefits.
Conclusions
This study is designed to stabilize the sabkha soil. The potentiality of using by-product CKD as a stabilizer is investigated.
Characterization of the sabkha soil is performed including specific gravity, Atterberg limits, grain size distribution and mineralogical composition. Furthermore, specific gravity and chemical composition of the candidate stabilizer are determined.
The optimum moisture content corresponding to the maximum dry density of the sabkha soil with and without the proposed dosages of the stabilizer is determined using the modified Proctor compaction. Samples of plain and stabilized sabkha soils are prepared with the optimum moisture content. Evaluation of improvement of the sabkha soil is performed by macrocharacterization and micro-characterization techniques. Macrocharacterization study including unconfined compression, soaked CBR and durability tests is conducted to assess the engineering properties of treated and untreated sabkha soils. Microcharacterization study using XRD and/or SEM devices is utilized to depict qualitatively the mechanisms of improvement of the sabkha soil by the additives.
Based on the interpretation of the results presented in this study, the following main conclusions could be drawn:
(1) Using 30% CKD and 2% cement is adequate for effective stabilization of sabkha soil to be used as sub-base in rigid pavements. It can meet strength, soaked CBR and durability requirements. (2) Using 30% CKD reduces the required amount of cement by 5% to qualify sabkha soil to be used as sub-base construction in rigid pavements. (3) Micro-characterization techniques utilizing BEI and SEM show, in the case of using 2% cement þ CKD in stabilizing sabkha soil, more fibrous formations in the stabilized sabkha soil than the case with 2% cement alone, which contributes to the high improvement in the UCS to meet the ACI Committee (2011) requirements. (4) CKD added alone is not adequate for effective stabilization of sabkha soil. Even 30% CKD does not meet the ACI Committee (2011) strength requirements.
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